Translational human studies of MIA are few in number. Alterations of the salience network have been implicated in the pathogenesis of the same psychiatric disorders associated with MIA. If MIA is pathogenic, then associated abnormalities in the salience network should be detectable in neonates immediately after birth. We tested the hypothesis that third trimester MIA of adolescent women who are at risk for high stress and inflammation is associated with the strength of functional connectivity in the salience network of their neonate. Thirty-six women underwent blood draws to measure interleukin-6 (IL-6) and C-reactive protein (CRP) and electrocardiograms to measure fetal heart rate variability (FHRV) at 34 -37 weeks gestation. Resting-state imaging data were acquired in the infants at 40 -44 weeks postmenstrual age (PMA). Functional connectivity was measured from seeds placed in the anterior cingulate cortex and insula. Measures of cognitive development were obtained at 14 months PMA using the Bayley Scales of Infant and Toddler Development-Third Edition (BSID-III). Both sexes were studied. Regions in which the strength of the salience network correlated with maternal IL-6 or CRP levels included the medial prefrontal cortex, temporoparietal junction, and basal ganglia. Maternal CRP level correlated inversely with FHRV acquired at the same gestational age. Maternal CRP and IL-6 levels correlated positively with measures of cognitive development on the BSID-III. These results suggest that MIA is associated with short-and long-term influences on offspring brain and behavior.
Introduction
The third trimester of pregnancy is a time of rapid maturation of brain architecture and functional neural circuits (Tau and Peterson, 2010) , making those circuits highly vulnerable to environmental insults (Thompson et al., 2009; Scheinost et al., 2017a) . Increasingly, maternal immune activation (MIA)-activation of the innate and adaptive immune system after infection, stress, poor physical health, and inflammation-is a common and consequential environmental insult on the developing brain (Estes and McAllister, 2016) .
The activated immune system releases several classes of proteins to stimulate an immune response. Two of the most frequently released proteins are as follows: interleukin (IL)-6, a proinflammatory cytokine, and C-reactive protein (CRP), an acute phase reactant (Hunter and Jones, 2015; Estes and McAllister, 2016 ). IL-6 and CRP are commonly studied in clinical and translational research of various physiological systems (Pepys and Hirschfield, 2003; Hunter and Jones, 2015) . However, IL-6 and CRP are less often studied in the context of early brain development.
Numerous preclinical models have studied the neurodevelopmental consequences of MIA in offspring of pregnant rodents or nonhuman primates (Bilbo et al., 2008; Bland et al., 2010; Short et al., 2010; Goeden et al., 2016) . MIA in those models alters development of a widespread and nonspecific set of brain regions that include the hippocampus, prefrontal cortex, midtemporal lobe, parietal lobe, insula, and cingulate cortex (Patterson, 2002; Bland et al., 2010; Short et al., 2010) . Offspring behavioral disturbances associated with MIA are more specific and include increased behavioral reactivity (or disinhibition) and deficits in emotion regulation, attention, and memory (Bilbo et al., 2005 (Bilbo et al., , 2008 Malkova et al., 2012) . In humans, most of these behaviors are related to the salience network, a large-scale brain network anchored in the insula and dorsal anterior cingulate (dACC) (Bush et al., 2000; Seeley et al., 2007; Uddin, 2015) . These brain regions are implicated in psychiatric disorders such as autism spectrum disorders (ASD) and attention-deficit/hyperactivity disorder (Uddin et al., 2013; Sidlauskaite et al., 2016) . Together, these converging results suggest that the salience network is a good candidate for investigations of functional connectivity associated with MIA.
Although epidemiological studies have associated MIA with increased risk of psychiatric disorders, including schizophrenia and ASD (Carter, 2009; , few human studies have assessed directly the association of MIA with altered brain maturation and related behaviors. One study reported associations of IL-8 concentrations with ventricular, entorhinal cortex, and posterior cingulate volumes in individuals with schizophrenia (Ellman et al., 2010) . Two infant studies reported an association of MIA with smaller head circumference, an indirect index of brain maturation (Lo et al., 2002; Leviton et al., 2010) .
The goal of our study was to assess the association of MIA indices (maternal IL-6 and CRP levels) during the third trimester in a pregnant adolescent sample of women with neonatal brain measures of functional connectivity within the salience network, a network that has been implicated in the pathogenesis of MIAassociated neuropsychiatric illnesses (Menon, 2011; Palaniyappan and Liddle, 2012) . Pregnant adolescents are at high risk for psychosocial stress from low socioeconomic status, low social support, and poor nutrition, all of which can contribute to MIA (Darroch, 2001; Diz-Chaves et al., 2013) . We also assessed the association of maternal IL-6 and CRP levels with fetal heart rate and heart rate variability, physiological indices of autonomic nervous system (ANS) development, and cognitive abilities of the infants at age 14 months. We hypothesized that third trimester maternal IL-6 and CRP levels would correlate significantly with functional connectivity measures from seeds placed in the insula and dACC of their newborn infants. We hypothesized that the strength of this connectivity would in turn associate with fetal ANS maturation and infant cognitive capacities. The novelty of this research precluded specific hypotheses about the direction of these effects.
Materials and Methods
Participants. Nulliparous pregnant adolescent women, aged 14 -19 years, were recruited in the second trimester through the Departments of Obstetrics and Gynecology at Columbia University Medical Center (CUMC) and Weill Cornell Medical College and flyers posted in the CUMC vicinity as part of a longitudinal study examining adolescent pregnancy behaviors and infant outcomes. The pregnant women received routine prenatal care and had no major health problems at the time of recruitment. Participating mothers provided informed consent and the study procedures were approved by the Institutional Review Boards of the New York State Psychiatric Institute and of CUMC. Participants were excluded if they acknowledged use of recreational drugs, tobacco, alcohol, or medications with an effect on cardiovascular function or lacked fluency in English. Of the 72 infants who underwent MRI scanning, 36 had usable fMRI data, 34 of those infants had usable immune data, 18 of whom had usable fetal data, and 21 of whom were administered the Bayley Scales of Infant and Toddler DevelopmentThird Edition (BSID-III) at age 14 months.
Fetal data. At 34 -37 weeks of gestation, the women underwent a fetal heart rate (FHR) assessment; participants were in a semirecumbent position for 20 min as FHR was acquired. Data were obtained using an MT 325 fetal actocardiograph (Toitu). The fetal actocardiograph detects FHR via a single transabdominal Doppler transducer and processes this signal through a series of filters. FHR data were collected from the output port of the MT 325 and digitized at 50 Hz using a 16 bit A/D card (National Instruments 16XE50). Data were analyzed offline using custom MATLAB programs (The MathWorks) developed for this project. Two fetal variables were of interest: mean FHR and SD of FHR, our index of FHRV. As a first step in preprocessing, FHR Ͻ80 beats per minute (bpm) or Ͼ200 bpm was linearly interpolated and then low-pass filtered at 3 Hz using a 16 point finite impulse response filter. Mean and SD of the resulting FHR were taken over noninterpolated values. Filtered FHR was further examined for artifact in the following way: times at which the absolute sampleto-sample (20 ms) change in FHR exceeded 5 bpm were found and FHR was marked as artifact until it returned to within 5 bpm of the previous value. The resultant gaps were linearly interpolated.
Immune markers. Also at 34 -37 weeks gestation, pregnant adolescents underwent blood draws to determine maternal IL-6 and CRP levels during the third trimester. IL-6 was measured using an enzymelinked immunosorbent assay (ELISA) by R&D Systems. The normal range values are 0.435-9.96 pg/ml. CRP was measured using the Cobras Integra 400 Plus (Roche Diagnostics) turbid metric. Normal range values are Ͻ0.5 mg/dL.
Toddler assessment. The BSID-III was administered by a bachelor's level research assistant trained and supervised by a doctoral level psychologist to assess the developmental functioning of cognitive, language, and motor skills at 14 months (Bayley, 2005) . The cognitive scale measures sensorimotor integration, concept formation, attention, habituation, and memory. Given that our previous findings that local volumes of the dACC on neonatal MRI scans correlated significantly with the cognitive subscale of the BSID-III acquired subsequently at age 18 months and that the capacities measured by the cognitive subscale are most consistent with those affected by MIA and most relevant to the salience network (Bilbo et al., 2005 (Bilbo et al., , 2008 Malkova et al., 2012) , we focused our correlation analyses of connectivity on the cognitive subscale of the BSID-III. Scaled (age-standardized) scores for cognitive abilities were used in correlation analyses. The scaled score is a transformation of the raw score to the average performance of a normative sample at a specified age.
Imaging procedures. Infants were scanned within the first weeks of postmenstrual life (mean ϭ 42.0; SD ϭ 1.9 weeks gestational age). They were fed, swaddled, and acclimated to the scanning environment and scanner noise by listening to a tape recording of the scanner sounds played before each pulse sequence. The infants were given time to fall asleep without the use of sedatives,while lying on the scanner bed before the start of each sequence. Foam and wax ear plugs and ear shields (Natus Medical) were applied to dampen scanner noise. MRI-compatible EKG leads were placed on the infant's chest and a pulse oximetry sensor was placed on the infant's toe. Heart rate and oxygen saturation were monitored continually during the scan (InVivo Research).
Images were obtained using a 3 tesla General Electric Signa MRI scanner and an eight-channel head coil. Near the middle of the study's data collection, the MRI scanner was upgraded (see "Statistical analyses" section for analysis controlling for scanner type). High-resolution anatomical T2-weighted images were acquired using a 2D, multiple-shot, fast spin echo pulse sequence that used PROPELLER (Periodically Rotated Overlapping Parallel Lines with Enhanced Reconstruction) to reduce motion artifacts in reconstructed MR images (Pipe, 1999) : repetition time (TR) ϭ 10,000 ms; echo time (TE) ϭ 130 ms; echo train length (ETL) ϭ 32; matrix size ϭ 192 ϫ 192; field of view (FOV) ϭ 190 ϫ 190 mm; phase FOV ϭ 100%; slice thickness ϭ 1.0 mm; number of excitations (NEX) ϭ 2. The spatial resolution of the T2-weighted images was 1 mm 3 . Functional images were acquired using a standard echoplanar imaging sequence: TR ϭ 2200 ms; TE ϭ 30 ms; matrix size ϭ 64 ϫ 64; FOV ϭ 190 ϫ 190 mm; phase FOV ϭ 100%; slice thickness ϭ 5.0 mm, contiguous; number of slices ϭ 24; bandwidth ϭ 7812.5 Hz. Although the number of runs acquired varied per participant due to compliance, the median of 6 runs of 102 volumes (3 min 44.4 s each) were obtained for each infant.
Common space registration. First, anatomical images were skull stripped using FSL (https://fsl.fmrib.ox.ac.uk/fsl/) and any remaining nonbrain tissue was removed manually. All further analyses was performed using BioImage Suite (Joshi et al., 2011) unless otherwise specified. Anatomical images were linearly aligned to a single infant anatomical scan from an independent study ) using a 12 parameter affine registration by maximizing the normalized mutual information between images. Next, anatomical images were nonlinearly registered to an evolving group average template in an iterative fashion using a previously validated algorithm (Scheinost et al., 2017b) . This algorithm iterates between estimating a local transformation to align individual brains to a group average template and creating a new group average template based on the previous transformations. The local transformation was modeled using a free-form deformation parameterized by cubic B-splines. This transformation deforms an object by manipulating an underlying mesh of control points. The deformation for voxels in between control points was interpolated using B-splines to form a continuous deformation field. Positions of control points were optimized using a conjugate gradient descent to maximize the normalized mutual information between the template and individual brains. After each iteration, the quality of the local transformation was improved by increasing the number of control points and decreasing the spacing between control points to capture a more precise alignment. A total of 5 iterations were performed with decreasing control point spacings of 15 mm, 10 mm, 5 mm, 2.5 mm, and 1.25 mm. To help prevent local minimums during optimization, a multiresolution approach was used with three resolution levels at each iteration. Finally, functional images were rigidly aligned to the anatomical images.
All transformation pairs were calculated independently and combined into a single transform, warping the single participant results into common space. This single transformation allows the individual participant images to be transformed to the common space with only one transformation, thereby reducing interpolation error.
Connectivity processing. Motion correction was performed using SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Images were warped into 3 mm 3 common space using the nonlinear transformation described above and cubic interpolation. Next, images were iteratively smoothed until the smoothness of any image had a full-width half maximum of ϳ8 mm (Scheinost et al., 2014) using AFNI's 3dBlurToFWHM (http://afni.nimh. nih.gov/afni/). This iterative smoothing reduces motion-related confounds. Several covariates of no interest were regressed from the data, including linear and quadratic drifts, mean CSF signal, mean white matter signal, and mean gray matter signal. For additional control of possible motion-related confounds, a 24-parameter motion model (including six rigid-body motion parameters, six temporal derivatives, and these terms squared) was regressed from the data. The functional data were temporally smoothed with a Gaussian filter (approximate cutoff frequency ϭ 0.12 Hz). A gray matter mask was applied to the data, so only voxels in the gray matter were used in further calculations.
Seed connectivity. Overall, there is paucity of previous literature investigating the effects of MIA on brain properties in humans across any age. Although the field of neuroinflammation is growing rapidly, neuroinflammation in adults can come from many different sources (e.g., disease, trauma, medication, illicit drug use), most of which are unrelated to the prenatal environment. In contrast, only one study to our knowledge has investigated MIA and later MRI (default mode network, DMN) measures of the brain (Ellman et al., 2010) and it reports an association only in individuals with schizophrenia, not in healthy controls. Because we do not know if any of our neonates will eventually develop schizophrenia, this prior study does not provide direct evidence of DMN associations with MIA in a normal population. Perhaps more relevant is the fact that the DMN is not readily detected in infants, especially when using the posterior cingulate cortex (PCC) as a seed (Smyser et al., 2010; Fransson et al., 2011) , whereas the salience network is better formed in neonates (Smyser et al., 2010; Fransson et al., 2011; Alcauter et al., 2015) . Moreover, animal studies of MIA consistently report alteration in the ACC and insula, as well as altered inhibition, emotional regulation, and attention to salience features (Patterson, 2002; Bilbo et al., 2005; Bland et al., 2010; Short et al., 2010; Malkova et al., 2012) . Together, these considerations provide compelling rationale to study dysregulation of the salience network in association with MIA.
We assessed whole-brain seed connectivity from the three primary nodes of the salience network (the dACC and left and right insula; Fig. 1 ). Seeds were defined on the reference brain and transformed back (via the inverse of the transforms described below) into individual participant space. The time course of the reference region in a given participant was then computed as the average time course across all voxels in the reference region. This time course was correlated with the time course for every other voxel in gray matter to create a map of r-values reflecting seed-to-whole-brain connectivity. These r-values were transformed to z-values using Fisher's transform, yielding one map for each seed and representing the strength of correlation with the seed for each participant.
Motion analysis. Given the technical challenges of scanning neonates, every participant had a different number of resting-state runs. For example, runs were stopped if the infant awoke, moved significantly, or cried during the run. Because motion and amount of data for analysis affects functional connectivity measures (Van Dijk et al., 2012; Noble et al., 2017) , we used a strict inclusion criterion that participants had at least 2 runs of data with an average frame-to-frame motion of Ͻ0.1 mm. For the 36 participants with usable imaging data, the median number of partial or full runs collected per participant was 6, with a range of 2-12 runs. The median number of runs removed was 2, with a range of 0 -8 runs, leaving a median of 3 low motion runs per participant with a range of 2-7 runs. Therefore, we required a minimum of 2 low motion runs to retain the maximum number of participants while still having Ͼ5 min of restingstate data available from each infant for analysis. For infants with Ͼ2 runs with acceptable movement, we selected the 2 runs with the least frame-to-frame motion. We detected no significant correlations of motion indices with MIA measures (IL-6, r ϭ 0.21, p ϭ 0.23, df ϭ 32; CRP, r ϭ Ϫ0.19, p ϭ 0.39; df ϭ 21).
Further, as described above, we used global signal regression, regression of a 24-parameter motion model, and uniform smoothing to minimize motion confounds not accounted for by our inclusion criteria. Finally, given our strict motion inclusion criteria of an average frame-toframe displacement of Ͻ0.1 mm, only an average of 2.1 frames per participant had motion greater than the recommended censoring threshold of 0.2 mm. Finally, to verify that these few high motion frames did not drive our results, we performed post hoc analysis using data censored at 0.2 mm. This analysis did not change our results.
Experimental design and statistical analyses. Demographic and behavioral data were analyzed using either standard 2 test statistics or Fisher's exact test for categorical data. Continuous-valued data were analyzed using either t tests or Mann-Whitney U tests when a normal distribution could not be assumed to compare groups. One-sample KolmogorovSmirnov and Lilliefors tests were used to confirm that IL-6 and CRP values were normally distributed. All analyses were performed using SPSS 23 (IBM); p-values Ͻ0.05 were considered statistically significant.
Imaging data were analyzed using voxelwise linear models controlling for sex, postmenstrual age, and scanner upgrade, with all three covariates included in a single model. Significance was assessed at p Ͻ 0.05, with all maps corrected for multiple statistical comparisons across gray matter using cluster-level correction estimated via AFNI's 3dClustSim (version 16.3.05) with 10,000 iterations, an initial cluster forming threshold of p ϭ 0.001, the gray matter mask applied in preprocessing, and a mixed-model spatial autocorrelation function (ACF). Parameters for the spatial ACF were estimated from the residuals of the voxelwise linear models using 3dFWHMx. Exploratory and post hoc analyses were performed on average connectivity values extracted from regions of interest based on the initial analysis.
Results

Demographic characteristics
Maternal and neonatal demographic characteristics are summarized in Tables 1 and 2 . The average age of the pregnant women was 17 years. The majority was still attending high school and a large proportion was Hispanic (89%). The majority of infants were delivered vaginally (67%). All infants were the appropriate size for gestational age (birthweight: M ϭ 3199.4, SD ϭ 436.9 g, gestational age at birth: M ϭ 39.4, SD ϭ 1.3 weeks) and were scanned at an average of 42.5 (SD ϭ 1.7) weeks postmenstrual age (PMA). The majority of infants were male (66.7%).
Type of delivery was associated significantly with IL-6 level: pregnant women who had a C-section had the highest IL-6 levels (M ϭ 2.10, SD ϭ 0.64 pg/ml), pregnant women who had a spontaneous vaginal delivery had moderate IL-6 levels (M ϭ 1.76, SD ϭ 0.92 pg/ml), and pregnant women who had an assisted vaginal delivery had the lowest IL-6 levels (M ϭ 1.19, SD ϭ 0.39 pg/ml). No other significant correlations were found between the immune markers and the demographic variables. Furthermore, demographic variables did not differ significantly in infants who had compared Emergent Cesarean sections were due to arrest of dilatation/descent (n ϭ 6), breech presentation (n ϭ 1), and unknown reason (n ϭ 1).
d
Complications occurred across delivery types: vaginal spontaneous (n ϭ 1) due to chorioamnionitis, assisted vaginal (n ϭ 1) due to group B streptococcus, and emergent cesarean section (n ϭ 2) due to acute nephritic syndrome and chorioamnionitis. with those who did not have neonatal (usable MRI) data (p Ͼ 0.05), or when comparing infants with and without 14-month (BSID-III) follow-up cognitive measures (p Ͼ 0.05). On average, IL-6 values were within normal limits of nonpregnant individuals, with a mean of 1.7 (SD ϭ 1.0) and ranging from 0.58 -5.58 pg/ml. CRP values on average were higher than normative values of nonpregnant individuals, with a mean of 5.9 (SD ϭ 3.1) and ranging from 1 to 15 mg/dL. The correlation between IL-6 and CRP was not significant (r ϭ 0.39, p ϭ 0.08, df ϭ 19).
Salience connectivity in neonates
Activity in the left insula correlated significantly ( p Ͻ 0.05, corrected) with local activity in left hemisphere regions (including the amygdala, hippocampus, basal ganglia, temporal gyri, and inferior frontal gyrus), the right insula and amygdala, and dACC (Fig. 1B) . Significant ( p Ͻ 0.05, corrected) negative connectivity with the left insula was observed for the PCC, visual cortex, bilateral motor cortex, and right dorsal lateral prefrontal cortex (dlPFC).
Similar to findings for the left insula, the right insula was significantly ( p Ͻ 0.05, corrected) connected to local right hemisphere circuitry (including the amygdala, hippocampus, basal ganglia, temporal gyri, and inferior frontal gryus), the left insula, amygdala, and hippocampus (Fig. 1C) . Significant inverse correlation of right insula activity was observed with the PCC, visual cortex, left motor cortex, and bilateral dlPFC.
The dACC was significantly connected to bilateral dlPFC, supplementary motor area, medial prefrontal cortex (mPFC), and bilateral insula (Fig. 1D ). Significant negative connectivity with the dACC was observed for subcortical regions, auditory cortex, and bilateral motor cortex.
Associations of maternal IL-6 levels with salience network connectivity
Higher maternal IL-6 levels associated with greater connectivity between the left insula and mPFC and between the left insula and left lateral occipital gyrus (Fig. 2A) ; higher IL-6 levels were associated with weaker connectivity between the dACC and dorsomedial PFC (dmPFC; Fig. 2B ). No significant correlations between maternal IL-6 and right insula connectivity were observed. Post hoc partial correlation using the average connectivity values extracted from regions of interest based on the initial analysis was performed with the main findings of IL-6 controlling for type of delivery because of the significant correlation between IL-6 and type of delivery. The significant findings remained unchanged. Because two potential outliers were observed in the left insulamPFC connectivity values, we repeated the analyses removing those participants. The findings remained significant. Finally, similar r-and p-values were observed when using Spearman's correlation instead of Pearson's correlation.
Associations of maternal CRP levels with salience network connectivity
The associations of maternal CRP levels with connectivity measures in the infant salience network were similar to the associations for IL-6 even though maternal CRP and IL-6 levels were not significantly correlated with one another. Higher maternal CRP levels were associated with greater infant connectivity between the left insula and right temporoparietal junction (Fig. 3A) ; greater connectivity between the right insula and basal ganglia (Fig. 3B) and between the dACC and the cuneus, temporoparietal junction, and extrastriate cortex (Figs. 3B, 4) ; and weaker connectivity between the dACC and dmPFC and right basal ganglia (Fig. 4) . Finally, similar r-and p-values were observed when using Spearman's correlation instead of Pearson's correlation.
Associations of MIA and neonatal connectivity with fetal heart rate measures Higher maternal CRP levels associated with lower FHRV (r ϭ Ϫ0.56, p ϭ 0.02, df ϭ 16). No significant correlation with fetal heart rate or salience network measures was demonstrated. There was no significant finding for IL-6 and fetal indices. Higher FHRV was associated with greater infant connectivity between the dACC and mPFC (r ϭ 0.58, p ϭ 0.01, df ϭ 15). Post hoc analyses assessing whether infant connectivity between the dACC and mPFC mediated the association of maternal CRP with FHRV were not statistically significant.
Associations of MIA and neonatal connectivity with toddler behavior
Higher maternal IL-6 and CRP levels associated with higher cognitive scores on the BSID-III at 14 months postnatal age (IL-6, r ϭ 0.69, p ϭ 0.002, df ϭ 16; CRP, r ϭ 0.53, p ϭ 0.05, df ϭ 14). Greater infant connectivity between the dACC and mPFC associated with lower cognitive scores on the BSID-III (r ϭ Ϫ0.60, p ϭ 0.02, df ϭ 18). Post hoc analyses assessing whether connectivity between the dACC and mPFC mediated the association of MIA (either IL-6 or CRP) with cognitive scores were not statistically significant.
Discussion
In this prospective study, third trimester MIA was associated with measures of the fetal ANS, infant brain functional connectivity, and toddler cognitive outcomes. We measured IL-6 and CRP levels in maternal blood at 34 -37 weeks gestation as indices of MIA. We measured fetal heart rate and variability concurrent with MIA measures, functional connectivity in the salience network in infants at 40 -44 weeks PMA, and BSID-III cognitive scores at 14 months. Third trimester MIA indices (IL-6 and CRP levels) correlated significantly with the strength of connectivity in the salience network in the mPFC, temporoparietal junction, and basal ganglia. Maternal CRP levels correlated inversely with FHRV. Maternal CRP and IL-6 levels each correlated positively with BSID-III cognitive scores at age 14 months. Finally, connectivity between the dACC and mPFC correlated with both FHRV and cognitive scores. Together, these findings suggest that third trimester MIA influences both short-and long-term features of human nervous system development at birth and in the toddler years, respectively.
Our most consistent observations were that MIA indices correlated with the strength of the salience network in the mPFC and temporoparietal junction. The mPFC is a major node in the DMN, whereas the temporoparietal junction is a major node in the frontoparietal network (Power et al., 2011; Yeo et al., 2011) . Interactions between the salience network, DMN, and frontoparietal network have been related to the competition between internally and externally directed attention (Uddin, 2015) . In this model, the DMN attends to internal stimuli, the frontoparietal network attends to external stimuli, and the salience network acts as a switch between the two (Seeley et al., 2007; Uddin, 2015) . Altered interactions between these networks are thought to play a role in the pathogenesis of abnormal cognition and perception in several psychiatric disorders (Menon, 2011) , consistent with findings from epidemiological studies reporting significant associations of maternal IL-6 and CRP with an increased risk in offspring of developing schizophrenia and ASD Canetta et al., 2014; Mansur et al., 2016) . Although we chose to study the salience network, our results point to alterations in the DMN and frontoparietal networks as well. These networks can be considered in future research.
Although we did not detect a statistically significant mediation effect of neonatal connectivity on the association of MIA with offspring outcomes, one prior study in humans (Ellman et al., 2010) and several in animals (Bilbo et al., 2005; Ellman et al., 2010) suggest that MIA in utero likely affects fetal brain development, which in turn produces postnatal behavioral disturbances. Therefore, our findings of MIA-related alterations in functional connectivity in infants may provide a pathogenic link between MIA and the well documented, subsequent increased risk of psychiatric disorders in offspring. Preclinical studies suggest that IL-6 is key for MIA-associated alterations of the developing brain (Smith et al., 2007) . For example, in a mouse model that overexpresses IL-6 in the brain, increasing IL-6 increased the number of excitatory synapses, decreased the number of inhibitory synapses, and altered the morphology of dendritic spines (Wei et al., 2012) . IL-6 crosses both the placenta and blood-brain barrier (Banks et al., 1994; Zaretsky et al., 2004) , suggesting that it can reach the fetal brain. Increasing maternally derived IL-6 in the human fetal brain could produce effects similar to those reported in these preclinical models. Alternatively, because IL-6 is part of both the pro-inflammatory and antiinflammatory pathways (Xing et al., 1998; Yasukawa et al., 2003) , an imbalance of pro-inflammatory and anti-inflammatory signaling has been proposed as a mechanism responsible for MIA-related changes in offspring brain development (Meyer et al., 2008) . The association of this imbalance with specific brain networks has yet to be established.
CRP signaling pathways may alter brain development in several different ways. Previous studies have shown that elevated CRP can produce vascular dysfunction and suboptimal placental development, which eventually interferes with fetal growth (Lam et al., 2005; Ernst et al., 2011) . Because CRP also plays a role in normal synaptic pruning via the complement system (Stephan et al., 2012), altered maternal CRP levels may alter functioning of the complement system and thereby alter synaptic pruning in offspring (Canetta et al., 2014) . Finally, elevated CRP levels may simply index poor general and mental health (Wium-Andersen et al., 2013; Shanahan et al., 2014) , which can themselves alter brain development and behavioral outcomes in offspring (Chittleborough et al., 2012; O'Neil et al., 2014) and could therefore account for some of our observations. Consistent with findings from preclinical studies (Bilbo et al., 2005; , we observed an association of MIA with concurrent FHRV, a maturational index for the ANS. Maternal CRP level correlated inversely with FHRV, which typically increases from the second to third trimester as the vagal nerve matures (DiPietro et al., 1996) . Greater FHRV during this period is reported to predict later cognitive development at 2 and 2.5 years of age (DiPietro et al., 2007) . Therefore, our findings suggest that MIA may slow fetal development of the ANS, possibly representing a vulnerability for long-term neurodevelopmental outcomes.
In contrast to these neurodevelopmental correlates concurrent with MIA measurement, we detected positive correlations of maternal CRP and IL-6 levels with subsequent BSID-III subsequent cognitive scores in the toddler years. The cognitive domain on the BSID-III assesses capacities that include attention, sensorimotor integration, and early executive functions and predicts future cognitive abilities at school age (Smith et al., 2001; Bayley, 2005; Spencer-Smith et al., 2015) . The positive correlations between MIA measures and later cognitive outcomes, if replicated in future studies, could suggest that infants may mobilize an adaptive neurodevelopmental response to the presence of MIA. In support of this possibility, several preclinical studies have also reported adaptive or resilience responses associated with MIA. For example, neonatal bacterial infection in rats leads to a protection against induced depressive-like behaviors in adulthood (Bilbo et al., 2008) . Therefore, both resilience and vulnerability may be associated with MIA, similar to the effects that other early life factors, including stress, have on neurodevelopmental outcomes (McEwen, 2007) .
We observed strong connectivity in infants between the three nodes of the salience network, which is generally similar to connectivity patterns of the salience networks in children and adults (Seeley et al., 2007; Alcauter et al., 2015) . That the salience network in infants is comparable in its organization to the network in older individuals is consistent with recent evidence in term and preterm infants that functional networks develop throughout the third trimester (Doria et al., 2010; Smyser et al., 2010; Jakab et al., 2014; Thomason et al., 2017) .
Our study has several strengths. It acquired data prospectively beginning in the second trimester of pregnancy and continuing in the infants through 14 months. Two measures of MIA were collected, allowing assessment of their shared and unique effects on infant outcomes. Finally, MRIs were acquired in the infants soon after birth, allowing us to attribute functional characteristics largely to prenatal, rather than postnatal, factors.
Our study also has several limitations. Our maternal sample consisted of adolescents, who are at higher risk for prenatal distress. Therefore, the observed associations may not generalize to other populations. Although data were collected prospectively, our study lacks repeated measures of the same constructs across development. Developmental trajectories of functional connectivity may have provided a better assessment of the MIA-related influences on the developing brain (Di Martino et al., 2014) . Maternal CRP levels were generally above the normal range, perhaps reflecting the young age and relatively high stress in our sample, although CRP is known to be slightly elevated during pregnancy (von Versen-Hoeynck et al., 2009 ). In addition, we observed significant pairwise correlations among MIA, infant connectivity, and toddler cognition, yet mediator analyses failed to confirm that neonatal functional connectivity mediated the association of MIA with toddler cognition. Our sample size likely limited our statistical power to detect mediation effects. Further, numerous factors can cause chronic or transient elevations in immune markers (Estes and McAllister, 2016) . We were not able to account for all of these factors or differentiate between chronic and transient MIA. Future studies should investigate the diverse causes of MIA as different mechanisms that alter brain-behavior association likely exist. IL-6 can trigger the release of CRP (Gabay and Kushner, 1999) , likely leading to shared variance between CRP and IL-6. Some of our CRP findings may represent downstream effects of IL-6 signaling (Karlović et al., 2012) . Nevertheless, IL-6 and CRP were not correlated in our sample. CRP is involved in other signaling pathways, independent of IL-6 (Stephan et al., 2012) . Therefore, our CRP findings likely reflect both unique and shared variance relative to our IL-6 findings.
Consistent with findings from preclinical studies, we showed that third trimester MIA likely influences the developing brain. Our findings provide evidence that MIA is associated with functional networks implicated in psychiatric disorders and animal models of those illnesses. Future human studies should acquire measures of inflammation, offspring functional connectivity, and additional immune proteins at multiple time points throughout development. They should also manipulate MIA levels experimentally, presumably in prevention trials, to demonstrate more definitively the causality of MIA on outcomes (Peterson, 2013) .
